The effects of P and K fertilization on soybean [Glycine max (L.) Merr.] seed quality are unclear. Fertilization rates can have a positive effect on yield and composition in some growing locations and years but not in others. As the cost of soybean seed production increases, seed companies are interested in improving seed quality of soybeans possibly through increased soil fertilization. The objectives of this study were to determine the effect of different levels of P and K fertilization on soybean seed quality defined as seed viability, vigor, and seed composition. Seed samples were obtained from a long-term P and K fertilization trial. Phosphorus and K treatments were 0, 28, or 56 kg P ha−1 yr−1 and 0, 66, or 132 kg K ha−1 yr−1. Results indicated that excessive levels of P and K fertility decreased seed quality. Seed composition changed across sites and treatments, but changes were generally inconsistent. Total seed protein and oil were not significantly affected by P and K fertilization in most locations. However, linolenic acid concentrations increased with excessively high P and K fertilization while linoleic acid concentrations decreased only with P. These results indicate that excessively high levels of soil fertility may have a negatively impacted on seed quality.
Soybean [Glycine max L. (Merr.)] seed prices have increased for the past few years (USDA-NASS, 2007) . As seed production costs increase, seed producers become interested in identifying agronomic practices that could potentially enhance seed quality (seed germination, vigor, and composition). Many studies have investigated the effects of P fertilization on yield but results were inconsistent Mallarino, 2000, 2003; Buah et al., 2000; Haq and Mallarino, 2005) . The application of P fertilizers can result in grain yield increases in no-till systems, regardless of the fertilizer placement method used. These positive results were observed frequently in soils with low P test Mallarino, 2000, 2003; Haq and Mallarino, 2005) . Buah et al. (2000) and Seguin and Zheng (2006) indicated that banded application of P fertilizer did not increase yield when soil P test values were at the optimum, high, or very high levels.
The application of K fertilizer was also associated with small increases in total seed yield in no-till systems Mallarino, 2000, 2003; Haq and Mallarino, 2005; Jeffers et al., 1982) . However, the yield increase was independent of the fertilizer placement method used. Similarly to P fertility studies, the banded application of K fertilizer did not increase grain yield in soil with optimum, high, or very high K test levels (Buah et al., 2000; Yin and Vyn, 2003) . These studies indicated that P and K fertility levels above "optimum" did not result in a yield penalty for seed producers.
Few studies have identified the influence of P and K fertilization on seed quality (Copeland and McDonald, 1995) . Harrington (1960) reported that plants grown in P-deficient conditions produced fewer total seeds but that the resulting seeds had similar seed germination percentages as those grown under normal conditions. The author also reported that seeds from plants grown in K-deficient conditions had higher percentages of abnormal seedlings. Jeffers et al. (1982) found that K fertilization almost always decreased seed pathogen levels and occasionally increased seed germination. To our knowledge, there is little work published in the literature on the effects of above adequate P and K fertility levels on soybean seed germination and vigor.
The United States consumes approximately 52% of the soybeans produced annually and exports approximately 44% (USDA, 2011) . The majority of domestic soybean consumption and exports are used for human and animal consumption or are crushed for seed oil production (USDA, 2011) . Grain and seed composition are very important traits for seed producers to manage because many processors pay higher prices for seed lots with more desirable seed composition characteristics. Seed composition is influenced by the environment where seeds are grown (Carver et al., 1986; Dornbos and Mullen, 1992; Haq and Mallarino, 2005; Maestri et al., 1998; Piper and Boote, 1999; Thomas et al., 2003) .
Seed composition can be defined as the concentration of starch, protein, and oil as well as the proportion of different fatty acids in soybean oil. Seed composition can change in response to P fertilization although these changes are moderate and inconsistent (Gaydou and Arrivets, 1983; Haq and Mallarino, 2005; Seguin and Zheng, 2006) . The use of K fertilization has produced small increases (<2%) in soybean seed oil concentrations (Yin and Vyn, 2003; Vyn et al., 2002; Gaydou and Arrivets, 1983; Sale and Campbell, 1986) and small decreases (<4%) in seed protein concentrations (Yin and Vyn, 2003; Gaydou and Arrivets, 1983; Sale and Campbell, 1986) . Potassium fertilization also has changed the fatty acid profile in the soybean seed oil (Gaydou and Arrivets, 1983) . These changes in seed composition can affect seed germination and vigor by increasing the incidence of seed imbibitional injury in the laboratory (LeVan et al., 2008) .
The biology of P in the plant and the relationship between P uptake and translocation are not well understood. Cassman et al. (1981) found that total seed P content increased as P fertility levels in the soil increased. However, most studies failed to report the differences in total seed P concentrations that occurred with varying levels of fertilization. Understanding this relationship is important because many soybean production areas have high levels of available P (Sims et al., 2000) . The relationship between P levels in the soil and P concentrations in seeds is also important for some of today's resource-limited soybean production systems in the developing world. Raghothama (1999) indicated that the prevalence of low-P-containing soils in many production environments also makes understanding deposition of soil P in seeds an important goal for improving food production systems worldwide.
The objective of this study was to determine the effect of different levels of P and K fertilization on seed quality as defined by seed germination, vigor, and seed composition (total seed protein, total seed oil, and fatty acid profiles of the oils).
MATERIALS AND METHODS
The seed lots for this study were harvested from long-term P and K trials at the northern, northwest, southeast, and southwest Iowa State University research farms in 2009 and 2010. The trials were managed as a continuous no-till corn (Zea mays L.)-soybean rotation and the soybean plots were planted in a randomized complete block design with three replications. Soybean cultivars, planting dates, and crop management practices were chosen based on the best recommendation for the area. Row spacing was 0.76 m, plot length was 18 m, and plot width was 4.5 or 6.0 m. Information about the sites used in 2009 and 2010 are shown in Table 1 .
The soybean plots were in side-by-side fields fertilized since 2003 with 0, 28, or 56 kg P ha −1 yr −1 as P 2 O 5 , respectively, or 0, 66, or 132 kg K ha −1 yr −1 as K 2 O, respectively, using a broadcast application. Corn or soybean crop plantings were rotated every year between these two fields. The fertilizer rates were denominated P0, P1, and P2 and K0, K1, and K2. The treatments P0, P2, K0, and K2 were applied every year and P1 and K1 were applied in odd years as 56 kg P ha
and 132 kg K ha −1 , respectively. The soil-test levels of P in the K treatments and K in the P treatments were maintained at the optimum to high level as defined by the soil-test classes (Sawyer et al., 2002) . The highest rates, P2 and K2, were selected intentionally to achieve excessively high levels of P and K fertilizer in the soil (Sawyer et al., 2002) . Seed lots were harvested from a central area of each plot (15 m length of either 3 or 5 rows) with a plot combine. Seed lots were stored in a climate controlled room (10°C and 50% relative humidity) until data collection.
Seed Quality and Composition Analyses
Seed viability and vigor data were obtained using the standard germination tests according to the Association of Official Seed Analysts Rules for Testing Seeds (AOSA, 2009a) and the accelerated aging tests according to the Seed Vigor Testing Handbook (AOSA, 2009b) . The three field blocks were maintained separately throughout the experiments and were used as replications. The standard germination tests were conducted by placing 100 seeds per replication, for a total of three replications per treatment, on crepe cellulose paper (Kimberly Clark) on a fiberglass tray (45 by 66 by 2.54 cm) moistened with 840 mL of tap water. Crepe cellulose paper was moistened for a minimum of 1 h before planting the seed. After planting, the trays were placed inside germination carts and placed in a constant 25°C walk-in germination room with alternating light (4 h on and 4 h off) for a total of 12 h light d −1 for 7 d. Accelerated aging tests were conducted by placing 100 seeds per replication on a screen inside a 10 by 10 by 4 cm accelerated aging box (Hoffman Manufacturing Company) and carefully adding 40 mL of distilled water at the bottom of the box to avoid wetting the seed and screen. The boxes were placed in an accelerated aging chamber (VWR Scientific) at 41°C for 72 h. Immediately after the aging period, 100 seeds per replication for a total of three replications per treatment were planted on crepe cellulose paper and covered with 2.5 cm of moistened course-grade industrial sand (BMC Aggregates). The trays were placed inside germination carts and placed in the same constant 25°C walk-in germination room with alternating light for 7 d.
Seed composition data were obtained as follows: Total seed P and K were measured from seeds lots produced on sites 3 to 6 in the 2010. In seed lots produced in 2009 (sites 1 and 2), total seed P was measured in seed lots from the P plots or total seed K from K plots. The samples were dried in a constant 65°C forced-air oven and were ground to flour in a flour mill (Magic Mill III, Division of SSI). Seed flour was digested in concentrated HClO 4 and HNO 3 following AOAC International method 985.01 (Horwutz, 2000) and total seed P and K were measured by inductively coupled plasma mass spectrometry. Total seed oil and protein were measured in 100-g seed samples per replication using a FOSS-Infratec 1229 model near-infrared spectroscopy (Rippke et al., 1996; AACC, 1999) were used to predict the protein and oil concentrations. Data were multiplied by 10 to express results in grams per kilogram.
Fatty acid profile analysis was conducted on a five-seed bulk sample per replication using an Agilent 7890A model gas chromatograph (Agilent Technologies, Inc.) according to methods of Hammond and Fehr (1982) and Hammond (1991) . Seeds were crushed and the lipid proportion was extracted with hexane overnight. The extracted lipid samples were transesterified in a HCl solution. Fatty acids in the soybean oil were converted to fatty esters and recorded by the gas chromatograph. The fatty ester data were converted into percentages of the total fatty acids and multiplied by 10 to express results in grams per kilogram.
Statistical Analysis
The field plots were established in a RCB design with three blocks. The main effects were site and treatment and their relevant interactions. The main effect of site includes all the environmental and location effects on a seed lot other than P and K fertilization (soybean varieties, soil type, management practices, year of production, planting date, etc.). All main effects were fixed and blocks were considered random. Data from soybean seed lots from P or K plots were analyzed independently. The three field replications (blocks) were used as replications throughout the experiment.
Data were analyzed using the MIXED procedure of SAS (Littell et al., 2006) . The ANOVA estimation was calculated using the restricted maximum likelihood method after testing the data for normality and homozygous error variances. Mean comparisons were made using Fisher's protected LSD test (P ≤ 0.05).
RESULTS AND DISCUSSION

Phosphorus Fertilization Effects on Seed Viability and Vigor
The significance of the test of fixed effects of P and K fertilizer rates, site, and their interaction on seed viability and vigor of soybean seeds as measured by the standard germination and accelerated aging tests are shown in Table 2 . The effect of site and fertilizer rates and their interactions were significant for both seed quality tests and all fertilizer rates (Table 2) . Consequently, data were reanalyzed by location and results are presented in Table 3 .
Seed germination percentages of soybean seed lots grown in plots with the highest P fertilizer rate (P2) were significantly lower in site 3 (64.67% for P2 vs. 87.00 and 86.67% for P0 and P1, respectively). There were no other significant standard germination percentage differences among fertilizer rates at all other sites. Consequently, excessively high levels of P in the soil did not improve soybean seed germination in this study and had a negative effect on germination at one production site.
The seed vigor as determined by the accelerated aging test percentages for soybean seed lots grown in plots treated with the highest rate of P fertilizer (P2) were significantly lower than the other treatments at all sites but one (site 1) (Table 3) . At site 2, the accelerated aging test percentage was significantly higher (83.00%) for seed lots grown in nontreated plots (P0) than for seed lots from the other two fertilization levels (72.33 and 55.33% for P1 and P2, respectively). These results indicated that high levels of P fertilizer negatively impacted soybean seed vigor in many of the production environments. Lott et al. (1995) suggested that soybean seeds with higher mineral concentrations may leak greater quantities of P and K during germination, thus promoting pathogen colonization of the seed, but a cause and effect relationship was not established. Seeds with poor membrane integrity extensively leaked minerals during germination tests and were more likely to be killed by fungi, because leaked assimilates provided a food source for seed-borne fungi (Simon and Raja Harun, 1972) . Further research should be completed to quantify seed leakage and pathogen loads in seed lots produced under very high P fertilization environments.
The increases in P leakage in response to higher levels of P in the seed described by Lott et al. (1995) could help explain these seed vigor results because seeds with poor membrane integrity are less vigorous (Heydecker, 1972) .
The lower seed germination and seed vigor levels observed in our study seem to indicate that high levels of P fertilization can negatively impact seed quality. These results are very important for seed producers because many of the environments where soybean seeds are produced have high levels of soil-available P (Sims et al., 2000) .
Potassium Fertilization Effects On Seed Germination and Vigor
The test of fixed effects for the standard germination and accelerated aging test percentages of soybean grown in plots with different K fertilizer rates are shown in Table 2 . The effect of site and treatment and their interaction were significant at P ≤ 0.001 level of probability for seed germination and accelerated aging percentages; therefore, data were reanalyzed by site, and means are presented in Table 3 .
The standard germination percentages of seed lots grown in plots with the highest fertilizer rate (K2) were significantly lower than other treatments for sites 3 and 5. In site 3, the germination percentage of seed lots from K2 fertilizer-rate plots were significantly lower (68.00%) than K1 (85.67%) and K0 (91.33%). In site 5, the K2 fertilizer rate also resulted in a significantly lower standard germination value. The seed standard germination means were not significantly different at all other sites and for all treatments. These results indicate that levels of K fertilization above the optimum did not improve soybean seed germination.
Seed vigor of seed lots grown in plots with the highest K fertilizer level (K2) had the lowest accelerated aging percentages at all sites but two (sites 1 and 2). At site 1, seed lots grown in plots from treatment K2 (very high levels of K fertilizer) had higher accelerated aging percentage (72.00%) than K1 (20.33%) and K0 (40.67%). It was surprising that the accelerated aging results from site 1 were the reverse from those from other sites. At sites 3, 4, 5, and 6, the highest K fertilizer rate (K2) resulted in the lowest accelerated aging percentage values. There were no significant differences in accelerated aging percentages among fertilizer rates in seed lots grown at site 2. For these results to be the product of mislabeling of samples, all three replications from each treatment in site 1 should have been mislabeled, which is very unlikely. We can only assumed that the vigor response to K fertilizer rates were more inconsistent possibly due to strong interactions among soil composition, weather conditions, soybean varieties, and K uptake. These results suggest that very high levels of K fertilization could also be associated with lower seed quality although this association is not as strong as the response to P fertilization. Lott et al. (1995) indicated that significant amounts of K are leaked during imbibition, which increased seed death due to pathogens. Potassium uptake is limited in environments with low rainfall (Troeh and Thompson, 2005) , which may explain why site 2 did not have significant seed vigor differences due to K fertilization. The 60-yr average rainfall for the months of May to September for site 2 is 523 mm (Iowa Environmental Mesonet, 2012) . Site 2 received less than half of the average rainfall (255 mm) during this same period in 2009 (Table 1) . Further research should be conducted to quantify the interactions among level of K fertility, K uptake, rainfall, and seed germination and vigor as well as to quantify the relationship among level of K fertility, seed leakage, and seed-borne pathogen activity.
Phosphorus Fertilization Effects on Seed Composition
Seed composition varied across sites and treatments, but site × treatment interactions were not significant for seed P and K concentration, seed total protein and oil content, and fatty acid profile, except for oil content for K treatments and linolenic fatty acid content for P treatments (Table 4) .
The seed elemental analysis showed a significant increase of seed P and K concentration in response to P fertilization. Seed P concentration was significantly lower (3.92 g kg −1 seed) in seeds harvested from control plots (P0) than in P1 (5.48 g kg −1 seed) or P2 (5.58 g kg −1 seed) plots (Table 4) . These findings agree with previous work completed by Soliman and Farah (1985) who found that seed P concentrations were highly correlated with P fertilization. Seed K concentrations also increased in response to P fertilization, and seed harvested from P1 and P 2 plots had significantly higher seed K concentrations (18.2 g kg −1 seed) than the control (17.3 g kg −1 seed) (Table 4) , confirming observations that a relationship exist between P fertilization levels and seed K concentration in seeds (Hanway and Weber, 1971) .
Seed protein and oil content were not significantly affected by P fertilization (Table 4) . However, there were significant differences among sites, which were likely associated with differences in the environment and cultivars planted.
The gas chromatograph analysis of the seed oil showed significant changes in palmitic, linoleic, and linolenic fatty acid concentrations in response to P fertilization. The stearic and oleic fatty acid concentrations in seeds were not significantly affected by P fertilization (Table  4) . Palmitic acid concentrations in the seed oil were significantly higher (105.5 g kg −1 oil) in seed harvested from plots at the highest P2 fertilization level when compared with oils from seeds produced in plots fertilized at P1 (103.3 g kg −1 oil) and P0 (102.8 g kg −1 oil) fertilization levels (Table 4 ). In contrast, the concentration of linoleic fatty acid in the oil of seeds harvested from P2 plots was significantly lower (544.3 g kg −1 oil) than seeds from P0 (556.5 g kg −1 oil) and P1 (554.3 g kg −1 oil) plots (Table 4 ). There were no significant differences in oleic fatty acid concentration in the oil due to P fertilization ( Gaydou and Arrivets (1983) and Israel et al. (2007) who observed linoleic acid concentrations decreased in response to P fertilization. However, Gaydou and Arrivets (1983) and Israel et al. (2007) also observed an increase in oleic acid concentration at higher P fertilization levels, which was not observed in our study. The different results reported are likely associated with differences in environmental conditions and cultivar characteristics in these studies. Gaydou and Arrivets (1983) completed their study in Madagascar where the climate is tropical, Israel et al. (2007) completed their study in North Carolina in a humid subtropical climatic region, and our study was completed in a temperate climatic region. Tropical and subtropical regions have higher daytime and nighttime temperatures that negatively impact seed quality (Egli et al., 2005; Spears et al., 1997) . Higher temperatures can increase oleic acid concentrations in some oilseed crops (Canvin, 1965; Harris et al., 1980) . The results from these two studies suggest that increases in oleic acid concentrations in response to P fertilization may occur only in warmer climates or that cultivars developed for these regions respond differently to P fertilization.
Linoleic acid concentrations decreased with increased levels of P fertilization. The linoleic acid concentration in the oil from seed harvested in P2 plots was significantly lower (544.3 g kg −1 oil) than for seed harvested from P0 (556.5 g kg −1 oil) or P1 (554.3 g kg −1 oil) plots. This information is very important to producers growing soybeans for human or animal consumption. Linoleic acid is a polyunsaturated fatty acid important in the diet because it cannot be synthesized by the body (Carroll, 1986) . Consequently, lower levels of linoleic acid in the oil may reduce the marketable quality of the grain.
The interaction between site and P fertilization for linolenic acid concentration in the oil was significant (P ≤ 0.05); consequently, data were reanalyzed by site and presented in Table 5 . In sites 1, 3, and 4 the differences in linolenic fatty acid in the oil were not significant. However, the concentrations of linolenic fatty acid were significantly higher at the other three locations for seeds harvested from plots with higher P fertilization levels (P1 in site 2 and P1 and P2 in sites 6 and 7). For example, linolenic fatty acid concentrations in the oils in seed harvested from site 2 were 85.9 g kg −1 oil (P2), at site 5 were 75.7 g kg −1 oil (P1) and 71.2 g kg −1 oil (P2), and at site 6 were 83.5 g kg −1 oil (P1) and 80.1 g kg −1 oil (P2). Higher linolenic acid concentrations in response to P fertilization are important because breeders have invested time and effort to reduce the concentration of linolenic acid in soybeans and to create higher value cooking oil with improved health and stability traits (Hammond and Fehr, 1982; Ross et al., 2000; Shen et al., 1997) . Many soybean production environments have high levels of P fertility (Sims et al., 2000) . Our results suggest that P fertilization levels should be monitored in breeding nurseries to avoid the loss of seed quality traits due to P overfertilization. Plant breeders test cultivars developed with altered fatty acid compositions for trait stability across multiple production environments (Brace et al., 2011; Schnebly and Fehr, 1993; Walker et al., 1998) . However, these authors failed to report P fertility levels of the plots on which the seeds were produced.
Phosphorus fertility could also be a problem in seed production fields. When seed producers multiply cultivars for market release, they apply high levels of fertilizer for maximizing seed yield. Seed companies do not routinely test seed lots for fatty acid composition before selling the Publisher: AGRONOMY; Journal: CROPSCI:Crop Science; Copyright: Will notify... Volume: Will notify...; Issue: Will notify...; Manuscript: C12-06-0372; DOI: 10.2135/cropsci201; PII: <txtPII> TOC Head: ; Section Head: ; Article Type: ARTICLE seed lots. Consequently, high levels of P fertilization in the seed production field could produce changes in seed composition that might persist if seeds are planted in environments similar to those where the seeds were produced. This problem is especially important for the production of soybeans with low linolenic or high linoleic fatty acid seeds. Soil P fertilization could also affect the fatty acid levels in soybeans produced for grain. If grain producers have high levels of P fertility in their fields (e.g., manure application), unwanted changes in grain quality may occur. Future studies should address the heritability of fatty acid composition and its relationship to soil P fertility. If seed lots selected for altered fatty acid compositions are produced in high soil P fertility fields, breeders should ask themselves, would the next generation seed or grain exhibit the same fatty acid compositions when grown at lower P fertility soils?
Potassium Fertilization Effects On Seed Composition
Soybean seed composition varied across site and K fertilization levels and the interactions between site and K fertilization level were not significant, except for total seed oil content (Table  4) . However, the total oil content in the soybean seed was independent from the K fertilization level as shown by a nonsignificant treatment effect (P ≤ 0.05) ( Table 4 ).
The level of K fertilization did not change the concentration of total seed P, total seed protein and oil content, or the fatty acid concentrations for palmitic, stearic, or linoleic (Table 4) . Although other authors have reported small increases in oil (<2%) and small decreases in protein (<4%) with K fertilization (Yin and Vyn, 2003; Vyn et al., 2002; Gaydou and Arrivets, 1983; Sale and Campbell, 1986) , the results from our study showed no significant changes in total seed oil and protein in response to K fertilization. Total seed K concentrations increased with higher levels of K fertilization and were significantly lower in seeds harvested from K0 plots (16.5 g kg −1 seed) than seeds harvested from K1 (17.9 g kg −1 seed) and K2 (17.8 g kg −1 seed). Hanway and Weber (1971) observed that seed K concentrations reach a critical maximum whereas additional K soil fertility did not cause increases in total seed K concentration. Our results support these findings.
The gas chromatograph analysis indicated differences in fatty acid profiles due to K fertilization. Palmitic, stearic, and linoleic concentrations did not change among K fertilizer rates (Table 4) . Oleic acid concentrations significantly decreased with increased K fertilization levels ( Table 4) . The oleic acid concentration in oil from seeds harvested at K0 plots was significantly higher (229.2 g kg −1 oil) than in K1 (221.7 g kg −1 oil) or K2 plots (220.4 g kg −1 oil). In contrast, the linolenic acid concentration significantly increased in seeds harvested from plots with higher K fertilization levels ( Table 4) . The linolenic acid concentration in the oil from seeds of K0 plots was lowest (74.1 g kg −1 oil) while from K1 and K2 plots were higher and not significantly different from each other (76.2 and 77.5 g kg −1 oil, respectively).
Similarly to the results from P fertilization, the positive response of linolenic acid to increases in K fertilization could provide a challenge for breeders selecting lines for altered fatty acid composition and for producers growing grain for food-oil markets in areas that have available K fertilization levels above optimum. These findings also confirm the trend observed by Gaydou and Arrivets (1983) that indicated that linolenic acid levels increased as a result of increased K fertilization. Our findings that excessive levels of P and K fertilization can influence the fatty acid profile of soybean oils are of particular importance to both grain producers and seed producers who need to ensure that they are not producing soybeans in a high fertility environment that is conducive to unwanted changes in seed composition. If changes in seed composition in response to P or K fertilization go unnoticed, a producer may have seed lots that do not meet end user specifications.
CONCLUSIONS
Excessive levels of P and K fertilization can result in lower seed viability and vigor, possibly by increasing pathogen activity in seed lots. This finding is of special importance in seed production fields because fertilizer applications are usually maximized to ensure maximum yield.
The excessive fertilization rates of P and K increased linolenic acid concentrations. These findings are very important for breeders, seed producers, and grain producers who are developing and producing soybeans for low-linolenic soybean oil markets.
The linoleic acid concentrations decreased in response to P fertilization. Overfertilization with P could reduce the linoleic content in soybean grain reducing its nutritional value for food and feed. Means within a column followed by the same letter are not significantly different at the P ≤ 0.05 probability level. Means within a column followed by a different letter denotes significant differences (P ≤ 0.05) as determined by Fisher's protected least significant differences. ‡ NS, not significant at P ≤ 0.05. **Significant at the P ≤ 0.01 probability level. ***Significant at the P ≤ 0.001 probability level. † Seed elemental P and K were measured from seeds lots produced on sites 3 to 6 in the 2010. In seed lots produced in 2009 (sites 1 and 2), total seed elemental P was measured in seed lots from the P plots or total seed K from K plots. Consequently, seed elemental P values for the P plots and seed elemental K values for the K plots are the average of six sites while seed elemental K values for the P plots and seed elemental P values for the K plots are the average of four sites. ‡ Means within a column followed by the same letter are not significantly different at the P ≤ 0.05 probability level. Means within a column followed by a different letter denotes significant differences (P ≤ 0.05) as determined by Fisher's protected least significant differences. § Significant (S × T) interaction at P ≤ 0.05; when fertilization treatment (T) was significantly different at P ≤ 0.05, data were reanalyzed by site and presented in Table 5 . ¶ NS = no significant differences at P ≤ 0.05. Means within a column followed by a different letter are significantly different (P ≤ 0.05) as determined by Fisher's protected least significant differences. ‡ NS = means within a column are not significantly different at P < 0.05 probability level.
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